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Isopiestic vapor pressure measurements have been made on the system water-potassium 
chloride-barium chloride. The data have been used to evaluate the activity coefficient of 
each salt in the presence of the other. Two conditions are considered; in one, the solution 
is maintained at constant total ionic concentration; in the other, at constant total ionic 
strength. The excess free energy of mixing is calculated and compared with similar data 
for the water-hydrochloric acid-barium chloride and water-sodium chloride-barium chloride 
systems. 



1. Introduction 

The use of the isopiestic vapor pressure method to 
determine some thermodynamic properties of the 
ternary system water-sodium chloride-barium chlo- 
ride has been described recently [l]. 1 This system 
has several features of simplicity. Thus, the iso- 
piestic ratio (R) of a series of mixed salt solutions is 
a linear function of the ionic fraction (x) ; here R is 
defined as M B /(m B J t-1.5 m c ) and x as 1.5 7n c /(m B -\- 
1.5 m e ), where M B is the molality of the reference 
solution of sodium chloride and m B , rn c are the 
molalities of sodium chloride and barium chloride, 
respectively, in the mixed solution in isopiestic 
(vapor-phase) equilibrium with the reference solution. 

The ionic fraction, x, defined in this way, is a 
convenient measure of the solution composition in 
isopiestic work because, in the limiting case of ideal 
solutions, all solutions with the same value of 
(m B -f-1.5 m c ) would have the same aqueous vapor 
pressure. For example, four solutions, one of 1.5 m 
sodium chloride only, another of 1.0 m barium 
chloride only, the third 0.75 m to sodium chloride 
and 0.5 m to barium chloride, and the fourth 0.3 m 
to sodium chloride and 0.8 m to barium chloride, 
would all have the same vapor pressure if they be- 
haved ideally. This would not be true for solutions 
of the same total ionic strength (m s +3m c ), even 
if they were ideal. 

The linear relation between isopiestic ratio and 
ionic fraction for the sodium chloride-barium chloride 
system enabled us to equate the integral in the 
McKay-Perring equation [2] to zero and provided 
a further simplification in the subsequent calcula- 
tions. Such calculations showed that the equations 



log T5=log y B — a B m c 
log 7c = log i c — oi c m B 



(1) 
(2) 



i Figures in brackets'indicate the literature references at the end of this paper. 



described the behavior of the system at constant 
total ionic concentration, i.e., constant (m B -\-l.5m c ) ; 
thus the chemical potential of each salt is a linear 
function of the concentration of the other salt in a 
system kept at constant total ionic concentration. 
Similar relations were found to hold for systems of 
constant total ionic strength (m B +3ra c ), with, of 
course, different numerical values of the a B and a c 
parameters. 

This paper describes similar work on the system 
water-potassium chloride-barium chloride. The be- 
havior of this system is somewhat more complicated. 

2. Definitions 

The definitions and symbols of the previous paper 
[1] will be retained except that D will be used to 
designate potassium chloride in place of B for 
sodium chloride. Thus eq (1) becomes 



log Yz>=lo£ 



lD—oi D 7n c 



(3) 



3. Experimental Procedure 



The procedure was as in the previous work [1] 
except that potassium chloride was used as the ref- 
erence salt. The potassium chloride was a portion 
of that used in a study of the system water-potas- 
sium chloride-glycine [3]. 

4. Results 

4.1. Isopiestic Data 

The experimental results are given in table 1. 
The second column gives the molality (M D ) of the 
reference solution of potassium chloride; the third 
and fourth columns give the molalities of potassium 
chloride (m D ) and of barium chloride (m c ) in the 
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Table 


1. Isopiestic dat 


a for the 


system 


H 2 ()-KC1 


-BaCl 2 






at 25 °C a 








Set 


M D 


rriD 


m c 


X 


R 


A 


1 


0. 7723 


0. 6309 


0. 09985 


0. 1919 


0. 9892 


-0. 06 






.4178 


.2482 


.4712 


.9775 


-.06 






.1967 


.3994 


.7528 


.9705 


+.03 








.5313 


1.0 


.9691 


+.10 




0. 7786 


0. 3099 


0. 3280 


0. 6135 


0. 9709 


+0.07 






.2308 


.3814 


.7125 


.9697 


-.01 






.1411 


. 4423 


. 8246 


.9677 


+.05 








.5358 


1.0 


.9688 


-.10 




0. 7899 


0. 5789 


0. 1491 


0. 2787 


0. 9842 


+0.01 






.4185 


.2603 


. 4827 


.9764 


+.01 






.2048 


.4060 


.7483 


.9706 


+. 02 








. 5425 


1.0 


.9706 


-.03 




0. 7924 


0. 6644 


0. 09088 


0. 1702 


0. 9864 


+0.02 






. 5072 


.2007 


.3725 


.9803 


+.01 






.3186 


.3302 


.6086 


.9736 


-.03 








.5442 


1.0 


.9707 







0. 7958 


0. 7074 


0. 06345 


0. 1186 


0. 9916 


+0.13 






. 6163 


.1269 


. 2360 


. 9865 


+.04 






.5063 


. 2028 


.3753 


.9819 


-.07 






.4067 


.2712 


.5001 


.9782 


-. 10 


2 


1. 0743 


0. 8081 


0. 1856 


0. 2562 


0. 9889 









.5648 


.3514 


.4827 


.9839 


+0.07 






.3064 


. 5228 


.7191 


.9851 


+.04 








.7197 


1.0 


.9951 


-. 11 


3 


1. 5519 


0. 6330 


0. 6110 


0. 5915 


1. 0015 


+0.07 






.4063 


.7535 


.7356 


1.0100 


+.04 






.2358 


.8588 


. 8453 


1. 0184 


+.04 








.9999 


1.0 


1. 0347 


-. 13 




1. 5837 


1. 3606 


0. 1526 


0. 1440 


0. 9964 


-0.05 






1. 1475 


. 2965 


.2786 


.9955 


-.06 






1. 0259 


.3772 


. 3554 


.9950 


+.05 






0. 8270 


.5066 


.4788 


.9978 


+.06 


4 


2. 2466 


1. 9274 


0. 2142 


0. 1429 


0. 9991 


-0.01 






1. 4671 


. 5127 


.3439 


1. 0047 


+.05 






0. 8579 


.8894 


.6086 


1. 0249 


+.07 






.3443 


1. 1881 


.8381 


1. 0565 


-.09 




2. 2611 


1. 3394 


0. 6012 


0. 4024 


1. 0089 


+0.O3 






0. 6887 


.9968 


.6846 


1. 0353 


+.07 






.2503 


1. 2482 


.8821 


1. 0653 


-.05 








1. 3874 


1.0 


1. 0865 


-.05 




2. 2788 


1. 8961 


0. 2554 


0. 1681 


0. 9998 


-0.01 






1. 1888 


. 7051 


.4708 


1. 0144 


+.01 






0. 5955 


1. 0604 


.7276 


1. 0424 











1.3970 


1.0 


1. 0875 


-0.01 


5 


2. 4938 


1. 6329 


0. 5589 


0. 3393 


1. 0091 


-0.07 






1. 2541 


.7931 


.4868 


1. 0205 


-.02 






0. 3002 


1. 3455 


.8705 


1. 0756 


-.01 








1. 5101 


1.0 


1. 1009 


+.10 


6 


2. 7188 


1. 8855 


0. 5384 


0. 2999 


1. 0095 


-0.12 






0. 5746 


1.3145 


.7743 


1. 0677 


+.03 






.2539 


1. 4896 


.8980 


1. 0926 


+.04 








1. 6244 


1.0 


1. 1159 


+.07 




2. 7661 


2. 5365 


0. 1524 


0. 0827 


1. 0004 


-0.02 






2. 2111 


.3630 


.1976 


1. 0038 


-.04 






1. 7890 


. 6282 


.3450 


1. 0127 


-.01 






1. 1054 


1. 0339 


.5850 


1. 0388 


+.06 




2. 7763 


2. 3901 


0. 2521 


0. 1366 


1. 0029 


+0. 22 






1.5011 


.8090 


.4470 


1. 0227 


+.06 






0. 4287 


1. 4251 


.8330 


1. 0818 


-.09 








1. 6547 


1.0 


1. 1185 


-.14 




2. 8600 


2.3016 


0. 3635 


0. 1915 


1. 0046 


-0.18 






1.3772 


.9332 


.5041 


1. 0299 


-.03 






0. 9462 


1. 1832 


.6523 


1.0511 


+.02 








1. 6966 


1.0 


1. 1238 


+.14 



of BaCl 2 , 1.5w c /(mD+1.5Wc) 



a Z> = KC1, C=BaCl 2 x is the "ionic fraction" 
R is the isopiestic ratio, Md/(twd+1.5w c ). 
A is the percentage difference between R calculated by eq (4) with the param- 
eters of table 2 and R (obs), the latter being given in column 6. 



mixed solution in isopiestic equilibrium with the 
reference solution of potassium chloride at molality 
M D . The fifth column gives values of the ionic 
fraction, x=1.5m c /(m D +l.5m c ) and the sixth 
column values of the isopiestic ratio, R=M D / 
(m D +1.5m c ). 

Figure 1 is a plot of isopiestic ratio versus ionic 
fraction for some sets of results recorded in table 1. 
Unlike the plots for sodium chloride-barium chloride 
mixtures, where R was found to be linear in x, the 
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Figure 1. Isopiestic ratio of potassium chloride-barium 
chloride solutions versus ionic fraction. 



plots for these potassium chloride-barium chloride 
mixtures show marked curvature. They can, how- 
ever, be represented adequately by a quadratic 
equation 

R=l-ax-bx\ (4) 

The last column of table 1 gives the percentage 
difference between the observed isopiestic ratios 
and those calculated by eq (4), using the numerical 
values of a and b given in table 2. 



4.2. Activity Coefficients at Constant Total Ionic 
Concentration 

The McKay-Perring equation [2] can be written 



(*Md<p 

Id 7z>=ln T^+ln R+ j(m, M D , x)d(M D <p) (5) 



where 



f(m 9 M Dy x)=—J^-) +--t^- (6) 
m 2 \d In x/a lv m M D 
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Table 2. Parameters of eq (4) R = ^— ax- bx 2 



Set 


Md 





6 


1 


0.7723 


0. 0661 


-0. 0362 




. 7786 


. 0687 


-. 0365 




. 7899 


.0667 


-. 0370 




.7924 


.066fi 


-. 0372 




. 7968 


.0642 


-. 0373 


2 


1.0743 


.0563 


-.0503 


3 


1.5519 


. 0394 


-. 0728 




1 . 5837 


. 0390 


-. 0743 


4 


2. 2466 


.0220 


-.1054 




2.2611 


. 0200 


-.1060 




2. 2788 


. 0195 


-. 1069 


5 


2. 4938 


. 0151 


-. 1170 


6 


2. 7188 


.0109 


-.1275 




2. 7661 


. 0083 


-. 1297 




2. 7763 


.0095 


-. 1302 




2. 8660 


.0089 


-. 1341 



If the isopiestic ratio is quadratic in x, according to 
eq (4), then eq (6) becomes 



bx 2 
f(rn,M D ,x)=j^ 



(7) 



and the integral in eq (5) becomes 

*Jo Mo' d(MD<P) ' 

In the particular case of potassium chloride-barium 
chloride mixtures, it so happens that b can be 
represented as a linear function of M D , 

b=—0.04:69M D (8) 

and the integral in eq (5) can be evaluated as 

-0M69x 2 M D <p 

-0.0204:X 2 M D <p 



or 



if eq (5) is converted into decadic logarithms. 
Table 3. Parameters of eq (3) and eq {2) 



Set 


Md (mean) 


ac 


Ctc 


(«D+1.5a.) 


1 


0. 7858 


0. 0484 


0. 0029 


0. 0527 


2 


1. 0743 


.0301 


.0173 


. 0561 


3 


1. 5678 


.0152 


.0304 


.0608 


4 


2. 2622 


.0053 


.0403 


.0658 


5 


2. 4938 


. 0035 


.0421 


.0667 


6 


2. 7803 


.0018 


.0440 


.0678 



The activity coefficients of potassium chloride and 
barium chloride in the mixed solutions have been 
calculated by eq (5). Then, assuming that eq (3) 
and eq (2) were valid for this system, as they were 
for the sodium chloride-barium chloride system, 
values of a D and a c were calculated. For example, 
at M D = 1.0743, -log 1^=0.2217 [4]; for 77^=0.3064, 
m c =0.5228, x=0.7191, it was found that J?=0.9851 
or log R=— 0.0065. Moreover, at this value of 
M D , —0.0204 M D <p=— 0.0196 so that -0.020±x 2 M D 



= —0.0101; this is the contribution of the integral 
term in eq (5) to log y D . Thus log y D =— 0.2383. 
But the total ionic concentration of this mixed 
solution is (m D +l.5m c ) = 1.0906 and a solution of 
potassium chloride only at this concentration has 
log y°D=— 0.2225. Hence a Z) m c =0.015S and a D = 
0.0302. Using all the data in table 1, the values of 
a D and a c given in table 3 were calculated. 

It was shown in the appendix to the previous 
paper [1] that, if eq (3) and eq (2) do indeed de- 
scribe the behavior of this system, then (a D -\-1.5a c ) 
must be constant at all values of M D . The last 
column of table 3 gives values of (a D -\-1.5a c ) which 
are also plotted as the lower curve of figure 2. It is 
clear that, in the present instance, (a D -\-1.5a c ) in- 
creases with M D . This implies that there are terms 
in higher powers of m D and m c in eq (3) and eq (2) 
such as 

log 7z>=log iD—oi D m—^ D m 2 c (9) 

log 7 c =log i c —a c m D —$ c ml (10) 

where the a and fi terms must be related by the 
equation 

3(aD+1.5a c )=constant— 2(2p D +4t.5p e )m (11) 

where m=(m D -\-l.5m c ). From the slope of the plot 
in figure 3 we calculate 



or 

if 0z>=O. 



008 



(2fe+4.5/3 c ) = -0.0117 
$c=— 0.0026 



0.07 




Figure 2. (a D +1.5a c ) versus M D 
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Figure 3. Variation of the activity coefficient of potassium 
chloride on addition of barium chloride. 

We now examine the data for the most concen- 
trated solutions (set 6), because it is here that square 
terms in eq (9) and eq (10) will be more readily 
discerned. But in these concentrated solutions, the 
activity coefficient of potassium chloride is almost 
constant; log y D changes by only 0.0031 at the most 
and a D = 0.0018 gives an adequate description of the 
change in log y D with a change in m c as demanded by 
eq (3). It is, therefore, unlikely that there is a 
significant term in m 2 c in eq (9) . 

Moreover, we can use the data for the activity 
coefficient of potassium chloride derived from the 
more dilute solutions (set 1) ; we find that log y D 
changes by a larger amount — as much as 0.0263. 
These values of log y° D ly D have been plotted in figure 
3; there is no indication of curvature and hence a 
linear term only is needed as in eq (3) . 

We return to the data for set 6 and examine the 
variation of log y c with m D . Figure 4 is a plot of 
l°g Ichc against m D ; some curvature is apparent 
and the best fit to the data is found, by the method 
least squares, to be log 7°/7 c =0.0496 7^^—0.0025 m 2 D . 
The data for set 4 also show slight curvature when 
log y° c /y c is plotted against m Dl the curvature corre- 
sponding to P c =— 0.0032. We now try a value 
between these two, say fi c =— 0.0030. 

Table 4 gives the activity coefficient of barium 
chloride in the solutions of set 6 calculated from the 
isopiestic data. The fourth column gives calculated 
values assuming that eq (2) holds, with only one 
parameter, a c = 0.0441. The last column gives values 
calculated by the two-parameter equation (10) with 
a c =0.0508, $c= — 0.0030. Inspection of the last 
two columns shows that, in general, the two-param- 
eter equation is superior to the one-parameter 
equation. The average difference between log y D 



0.10 



0.05 




Figure 4. Variation of the activity coefficient of barium 
chloride on addition of potassium chloride. 



observed and that calculated by the linear equation 
is 0.0025, between log y D observed and that calcu- 
lated by the quadratic equation is 0.0009. The data 
for the other five sets of results in table 1 have been 
recalculated assuming /5 C = — 0.0030 throughout. 
The best values of <x e , together with the a D values of 
table 3 and values of (a D -\-1.5a c ), are given in table 
5. This table also gives average differences bet veen 
"observed" values of log y c and those calculated by 
the a c parameters of table 4 and /3 C =— 0.0030. 

These values of (a D -{-l.5a c ) are plotted as the 
upper line in figure 2. The slope of the line, accord- 
ing to eq (11) corresponds to 13 c =— 0.0036 if /3 D =--0. 
This is in reasonable but not very good agreement 
with the value of p c =— 0.0030 which we used above. 



Table 4. 



Activity coefficient of barium chloride in potassium 
chloride solutions 









log 7c/Yc 




7UD 


mc 










obs 


calc a 


calcb 


0. 2539 


1. 4896 


0. 0124 


0. 0112 


0. 0127 


.5746 


1.3145 


.0276 


.0254 


.0282 


1.8855 


0. 5384 


.0829 


.0832 


.0851 


2. 7188 




.1148 


.1199 


.1159 


1. 1054 


1.0389 


0. 0532 


0. 0487 


0. 0524 


1. 7890 


0. 6282 


.0816 


.0789 


.0813 


2. 2111 


.3630 


.0986 


.0975 


.0976 


2. 5365 


.1524 


.1104 


.1119 


.1096 


2. 7661 




.1189 


.1220 


.1175 


0. 4287 


1. 4251 


0. 0196 


0. 0189 


0. 0213 


1.5011 


0. 8090 


.0680 


. 0662 


.0695 


2. 3901 


.252L 


.1027 


.1054 


.1043 


2. 7763 




.1179 


.1224 


.1179 


0. 9462 


1. 1832 


0. 0456 


0. 0417 


0. 0454 


1.3772 


0. 9332 


.0644 


.0607 


.0643 


2. 3016 


.3635 


.1013 


.1015 


.1010 


2. 8600 




.1230 


.1261 


.1208 



a Calculated by eq (2) with a„=0.0441. 

b Calculated by eq (10) with a e =0.0508 and /3 C 



-0.0030. 
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The discrepancy may be due to a small @ D term 
which would be difficult to detect; it may also be 
due to a possible variation of p c with M D . 

Figure 5 illustrates the variation of activity coeffi- 
cient at constant total ionic concentration. The 
plots on the left refer to a total ionic concentration 
of 1, those on the right to a total ionic concentration 
of 2.5. The data for NaCl-BaCl 2 were taken from 
the previous paper [1]. 

Table 5. Parameters of eq (9) and eq (10) 



s;,et 


Md (mean) 


old 


<Xc 


(a B +1.5a e ) 


A* 


i 


0. 7858 


0. 0484 


0. 0046 


0. 0553 


0. 0006 


1 


1. 0743 


.0301 


.0194 


.0592 


.0001 


1. 5678 


.0152 


.0337 


.0658 


.0005 


4 1 


2. 2622 


.0053 


.0455 


.0736 


. 0004 


3 


2. 4938 


.0035 


.0477 


.0751 


.0004 


61 


2. 7803 


.0018 


.0508 


.0777 


.0011 



/3/) = 0,/3, = -0.(lo:-i() 



* A is the average difference between log y c (obs.) and that calculated by eq 
(10), lusing the recorded values of a c and /3 C = -0.0030. 



Ajt a total ionic concentration of 1 there is not 
muo.h variation of the activity coefficient of any com- 



ponent when one is replaced by another; for example 
the 'top curve at the left shows that —log 7 Na ci = 
0.18|25 in a solution containing sodium chloride 
only\ and 0.1929 when x=0.5, rn B =0.5, m c =0.333. 
In the limiting case where the solution contains no 
sodium chloride and the barium chloride concentra- 
tion is 0.667, -log 7Naci=0.2032. 

I<t will be seen that the addition of barium chloride 
to la solution of sodium chloride decreases the activ- 
ity coefficient of sodium chloride; conversely, the 
addition of sodium chloride to a solution of barium 
cMloride increases the activity coefficient of barium 
cjhloTide; in other words, on admixture, the activity 
/coefficients of the two solutes come closer together. 
This occurs so often that it might be termed the 
"expected" behavior. One of the few exceptions 
known occurs in the hydrochloric acid-lithium 
chloride system [5] at high concentrations where the 
addition of lithium chloride to a solution of hydro- 
chloric acid "unexpectedly" increases the activity 
coefficient of hydrochloric acid. 

In the potassium chloride-barium chloride system 
at a total ionic concentration of 1, neither salt has 
much influence on the activity coefficient of the other. 
But each salt decreases the activity coefficient of the 
other, and here we see an example of unusual salt 
interaction. 

Turning now to a consideration of the systems at a 
total ionic concentration of 2.5, in the system 
sodium chloride-barium chloride, the activity co- 
efficient of sodium chloride is raised on admixture 
with barium chloride but that of barium chloride is 
lowered on admixture with sodium chloride. The 
activity coefficients become more separated on ad- 
mixture but only by a small amount. The separa- 
tion effect is much more marked in the potassium 
chloride-barium chloride system. The effect of bari- 
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Figure 5. Activity coefficients of the syste7ns NaCl-BaChj and 
KCl-BaCl 2 . 

um chloride on the activity coefficient is "normal", 
lowering the activity coefficient of potassium chlo- 
ride in its own solution at 2.5m, Tkci — 0.569, to 
Tkci = 0.562 in the limiting case where the solution 
contains only barium chloride. But the effect of 
potassium chloride on the activity coefficient of 
barium chloride is marked. Thus, y c = 0.446 for a 
solution containing barium chloride only at m=2.5, 
m c = 1.667. This is decreased further by the addi- 
tion of potassium chloride and in the limiting case 
where the solution contains potassium chloride only 
at a concentration of 2.5 m, y c = 0.354. 

4.3. Activity Coefficients at Constant Total Ionic 
Strength 

The isopiestic method used in this work is well 
adapted for a study of systems at constant total 
ionic concentration and not so suitable for systems 
at constant total ionic strength. Nevertheless, it is 
of interest to obtain some description, if only ap- 
proximate, of such systems. The procedure is as 
follows. By definition, 



I=m D -\-3m £ 



and we have defined m as 



hence 



or 



m=m D -\-1.5m c , 



I=m J rl.5m c =rn(l J rx) 

blx 2 + (aI+M D )x- (I-M D ) =0. 



(12) 



(13) 



(14) 



(15) 



Then, for any value of M D corresponding to an 
entry in table 1 and for any selected value of I, x 
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can be calculated using the values of a and b given 
in table 2. For example, if M D =2A93S, a=0.0151, 
b= -0.1170, then the solution of eq (15) for 7=3.5 
is z=0.4241. By eq (4), i?=1.0147 and so m = 
2.4577, m D = 1.4154, m c =0.6949. For this value of 
M D the integral term of eq (7) is — 0.0204;r 2 M^ = - 
0.0085. At Mz>=2.4938, log 1^= -0.2448 [4] 
and log 72=0.0063 so that, by eq (5), log y D =- 
0.2470. But at this total ionic strength, log yl= — 
0.2427 and if the equations 



log 7z>=log y° D — a D I c 
logy c =logy° c —a c I B 



(16) 
(17) 



hold, then a D =0.0021. Note that, in order not to 
introduce too many symbols, a D has been used with 
different meanings in eq (3) and eq (16) and also a c 
in eq (2) and eq (17). 

In this way, values of a D and a c at various values 
of I have been evaluated and are given in table 6 
along with values of (2a D J ra c ) . As was shown before 
[1], if eq (16) and eq (17) hold, which means that 
there are no terms such as j3 D P c , then (2a D +a c ) 
must be independent of I. It is clear from figure 6 
that this quantity is not independent of I. The 
dependence of (2a D +a c ) on I is given by 



(2 a D + a c )= constant — 2(2/3 D + /3 c ). 



Table 6. Parameters of eq (16) and eq (17) 



(18) 



I 


aD 


«c 


(2ao+a e ) 


1.0 


-0. 008 


0.033 


0.017 


1.5 


-.003 


.025 


.019 


2.0 


-.002 


.022 


.018 


2.5 





.021 


.021 


3.0 


+0. 001 


.021 


.023 


3.5 


.002 


.020 


.024 


4.0 


.003 


.021 


.027 



The variation of (2 a D + a c ) with / (fig. 6) suggests 
that (2 p D + /3 C ) is about 0.0033. This would be 
consistent with both f$ D and /3 C having values about 
0.001 but in the absence of more extensive data it is 
not possible to assign an accurate value to (2$ D -\- 
f} c ) or to say how it is divided between /3 D and j3 c . 

The data in figure 6 suggest that a c may have very 
large values in dilute solution and a D large, negative 
values. This cannot be stated with certitude until 
more data are available in dilute solutions, but it 
would not be inconsistent with the behavior found 
in other systems, for example, hydrochloric acid- 
cesium chloride [6]. 

The a D and a c parameters are small compared with 
those found for the hydrochloric acid-barium chloride 
system [7], but comparable with those for the sodium 
chloride-barium chloride system [1]. There is one 
remarkable difference, however, in that a c has 
positive values at all values of / accessible to cal- 
culation. This means that potassium chloride de- 
creases the activity coefficient of barium chloride in 
systems at constant total ionic strength. 







1 


1 


1 1 




0.03 








2a D + ac^-* 




0.02 






^% 


■ a — a a 




0.01 








a D 


- 







Ox 

/i ... . 


1 


1 1 





Figure 6. Parameters of eq (16) and eq (17). 

Shonhorn and Gregor [8] have made measurements 
of the potassium chloride-barium chloride system 
using as one electrode multilayer membranes, of 
barium stearate. They found a D =— 0.044, h c = 
-0.072 at 7=0.6 and a D =— 0.058, a c =— 0(.081 
at 7=1.5. These are very different to the vajlues 
we have found; at this stage we can do little miore 
than note the difference; we might perhaps say that 
the reversibility of this electrode to barium iipns 
could be questioned and suggest that measurements 
on this system with a potassium glass electrode 
would be useful. 

5. Excess Free Energy of Mixing 

By this we mean the excess free energy when a 
solution of potassium chloride and another solution 
of barium chloride are mixed under specified condi- 
tions. 2 We are particularly interested in the condi- 
tion of constant total ionic concentration. This 
results if a solution of y D kg of water containing 
potassium chloride sufficient to give a molality m is 
mixed with a solution of y c kg of water containing 
barium chloride sufficient to give a molality m/1.5, 
(2/z>+2/ c =l)- This gives a solution containing 1 
kg of water, y D m moles of potassium chloride and 
y c m/1.5 moles of barium chloride. For example, a 
solution containing 0.5 kg of water and 0.75 mole of 
potassium chloride (molality 1.5, total ionic con- 
centration 1.5) might be mixed with a solution con- 
taining 0.5 kg of water and 0.5 moles of barium 
chloride (molality 1.0, total ionic concentration 1.5). 
The result would be a solution containing 1 kg of 
water, 0.75 m to potassium chloride, 0.5 m to barium 
chloride, of total ionic concentration 1.50. 



2 The total free energy of mixing contains a term which, for 1 : 1-electrolytes, is 
2RT m [yn In y B-\-y c In y.\. This is ignored in calculating the excess free energy 
of mixing (see appendix). 
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The general equations for the excess free energy of 
mixing are developed in the appendix to this paper. 
For the case where potassium chloride and barium 
chloride solutions arc i nixed without change in total 
ionic concentration and the final molalities are such 
that m D =1.5m c and p D =0 in eq (9), 



AG E 



2.303RT 



-?n D m c (a D +l.5a c )—4.5m D m 2 c l3 c 



7/r 



= — — (a D +1.5a c )- 



in 



\ 

-Using values of (a D + 1.5a: c ) interpolated at round 
va/lues of m from table 5, values of AG E have been 
calculated. These are given in table 7. They are 
remarkable in being comparatively large (and nega- 
tive) . Tn this respect they contrast with correspond- 
ing; data for the mixture of solutions of sodium 
chloride and barium chloride where no free energy of 
mixing exceeding 1 cal mol" 1 is found. This is a 
consequence of the comparatively large values of 
fa.D+1.5af c ) for the potassium chloride-barium chlo- 
ride system and the almost negligible values of 
(a D -\-l.5a c ) for the sodium chloride-barium chloride 
system. 



Table 



Excess free energy of mixing l 



Constant total 
ionic concen- 
tration 


Constant total ionic strength 


m 


KC1- 
BaCl 2 


/ 


KC1- 
BaCl 2 


NaCl- 
BaCl 2 


HC1- 

BaCl 2 




AGE 


AG* 


AG* 


AGE 


0.75 
1.0 


-7 
-12 
-30 
-55 
-93 
-134 


1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 


-3 
-7 
-12 
—22 
-35 
-50 
-73 


-2 
-4 

-7 
-11 
-17 
-26 
-35 


-10 


1.5 
2.0 


-33 


2.5 

3.0 


-72 











1 In calories per kg of water, 1 calorie =4. 1840 J. 



It is also shown in the appendix that for a system 
with Pd=Pc=0, the excess free energy of mixing at 
constant total ionic strength with I/2 = I D =I C , is 



AG E 



2.303i?T 



(2a D +a c ). 



Values of AG E have been calculated using (2a D J ra c ) 
values from table 6. The results are given in table 7 
along with values of AG E for the hydrochloric acid- 
barium chloride [7] and sodium chloride-barium 
chloride [1] systems. It will be noted that in the 
potassium chloride-barium chloride system, the 
decrease in free energy on mixing is much larger at 
constant total ionic concentration than at constant 
total ionic strength. At constant total ionic strength, 
the values are greatest in the hydrochloric acid- 
barium chloride system and least in the sodium 



chloride-barium chloride system. This suggests 
that, with increasing atomic number of the univalent 
cation, there is a minimum in the free energy de- 
crease at the sodium chloride-barium system. 

These excess free energies of mixing, the one at 
constant total ionic concentration, the other at 
constant total ionic strength, are not independent. 
This can be shown by the following example. Con- 
sider an admixture process represented sche- 
matically by: 



0.5 kg H 2 
1.333 moles 


ofD 


+ 


0.5 kg 

0.889 ] 


H 2 

moles 


of C 



1 kg H 2 
1.333 moles 
0.889 moles 


of 1) 
of 6' 



Each of the single salt solutions has a total ionic 
concentration of m=2.667 and so has the solution 
formed after mixing. The excess free energy of 
mixing, interpolated from table 7, is —107 cal per 
kg water. 

The same mixed solution could, however, be made 
by a process at constant total ionic strength: 



0.333 kg H 2 
1.333 moles of D 



0.667 kg H 2 
0.889 moles of C 



1 kg H 2 

1 .333 moles 
0.889 moles 


of 1) 
of C 



Each of the single salt solutions has a total ionic 
strength 1=4 and so has the solution formed after 
mixing. The free energy of mixing at 1=4 is 
recorded in table 7 as —73 cal per kg of water. 
This, however, refers to mixing which produces a 
solution in which potassium chloride and barium 
chloride are present at equal ionic strength, the 
concentration of potassium chloride being 2m and 
that of barium chloride 0.667m. We are now dis- 
cussing the position when I D =m D = 1.333, m c = 
0.889, 7 C =2.667. It is shown in the appendix to 
this paper that the excess free energy of mixing 
(if p D =p c =0) is given by: 



AG E 



2.303RT 



-2^Dlc(^oi D +a c ) 



or, using the values of a D and a c given in table 6 
at 1=4, 

AG E =—65 cal per kg of water. 

The excess free energy of the solutions in boxes 3 
and 4 above over that of the solutions in boxes 1 and 2 
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is given by: 

A q i 2 

~wf = o [— 2m 3 ^ 3 +2m 3 In Tal+g [— 3m 4 <p 4 +3ra 4 In t 4 ] 

— - [— 2mi«0i+2miln7i]— g [— 3m 2 <£>2+2m 2 ln7 2 ] 

where the subscripts refer to the values of m, <p, 
and 7 appropriate to the solutions represented by 
each of the four boxes. Substituting these values of 
ra, <p, and 7 [1, 4], we find AG=— 47 cal per kg of 
water. Thus we could produce the mixed solution 
by two routes. The solutions represented by boxes 
1 and 2 could be mixed without change in total ionic 
concentration and with a decrease of free energy of 
107 cal per kg of water. Alternatively, they could 
be converted into the solutions represented by boxes 
3 and 4 and then mixed without change in total 
ionic strength. The decrease in free energy would 
be 65+47 = 112 cal per kg of water. The decrease 
in free energy should be the same by either route. 
Exact agreement cannot be expected because of 
errors due to interpolation and because of the possi- 
bility of a f$ term in eq (17) which would affect the 
value of —65 cal per kg of water for the free energy 
of mixing at constant total ionic strength. The 
agreement is good enough, however, to show that 
there is internal consistency between the results at 
constant total ionic strength and those at constant 
total ionic concentration. 



6. Appendix 

Equations for the excess free energy of a solution 
of two electrolytes are derived as follows [6, 9, 10, 11]. 

Consider a solution of electrolyte B (giving v B 
ions) at molality m B , and electrolyte C (giving v c 
ions) at molality m c . Let f be a linear combination 
of the form 

t=k B rn B +k c m c 

and let y B , y c be defined by 

2/B=Wf, yc=k c m c /£, y B +y c =l. 

Let the activity coefficients of B and C be given by 

In 7^=ln y° B +A B m c +B B m 2 c 

In 7c=ln y° c +A c m B +B c m% 

subject to the condition that f is constant; here A B , 
A c are functions of f but not of m B , m c independently 
and B B , B c are parameters independent of f , m B , and 
m c . If both electrolytes are of the 1:1 type, v B = 
v c =2, it is convenient to put k B =k c =l and f=m= 
m B -\-m c . The change in free energy on mixing is 
that for a process which can be represented 
schematically: 



y B kg H 2 
y B m moles of B 



+ 



y c kg H 2 
y c m moles of C 



1 kg H 2 
y B m moles of B 
y c m moles of C 



With respect to B the increment in free energy ih 
2RTm B In (m B y B /my B ) and with respect to m c it is 
2RTm c ln (m c y c /my° c ). Thus the increment due fco 
B and C can be written / 

2RTm[y B In y B +y c In y c ] 

+2RT[m B In y B /y° B +m c In yM 

The first of these terms will occur in the expression 
for the free energy increment on mixing even ideal 
solutions and is not considered part of the excess 
free energy of mixing. An analogous term is found 
in the expression for the total entropy of mixing but 
not in the expression for the enthalpy of mixing. 
The second term, 

2RT[m B In y B /y° B +m c In 7 c /7°] 

=2RT[m B (A B m c +B B ml)+m c (A c m B +B c m' B )] t 

is part of the free energy change resulting from de- 
partures from ideality. This, together with changes 
in the solvent free energy, constitutes the excess free 
energy of mixing. 

In the more complicated case of two electrolytes 
of different valence type, we can represent the 
mixing process as: 



y B kg H 2 
y B £/k B moles of B 



+ 



Vc kg H 2 

y c £fk c moles of C 



1 kg H 2 

VB^/fc B moles of B 

y^fkc moles of C 



where all three solutions have the same value of f. 
With respect to B the excess free energy is 

v B RTm B In y B ly° B =v B RTm B (A B m c +B B m 2 c ) 
and with respect to C the excess free energy is 

v c RTm c In y c /y c = u c RTm c (A c m B +B c rn^). 

As before, the free energy increment of the solvent 
remains to be computed. 

The solvent effect can be evaluated as follows. 
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The Gibbs-Duhem equation can be written: 

— 55.51c? In a w =v B m B d In m n -\-v c 7n c d In m c 

+ v B m B d In y B + u c m c d In y c . 

The first two terms on the right can be written 



r 



\k B k c J 



'-Che third term is 
f 

VbVb 



k B k c 



?(A B + 2 -^?)dy B 



anq the fourth term 
I 

i 



Consequently 

-55.5U/ In a„=f (jg-g+gjr ^) <fo 

f 2 



rC B R c 



(v B A B +v c A c )y B dy B 
2f 3 /,*£* v f S, 



(v B B B v c B c \ j 



k B rC c \ k c A?, 



OnJ integration from yB=0 to ?/#, 

&w(c) \k B k c k B k c J 



ZrC B rC c 



(vbAb+VcAJi/b 



(v B B B v e B c \/. 2y%\ 

\~kr"~kr)y B ~T) 



f 3 (v B B B v c B c 

rC B k c 



where a w is tlie water activity of the mixed solution 
and a w{c) that of the solution containing C only. 
On integration from y B =l to y B , 



-55.51 In 



(lu 



&w{B) 



\k c k B k B kc / 



ZihC B rC, 



(" B A B + Vc Ac)y c + I j- c [- r -^){y c - T ) 



where a w{B) is the water activity of the solution 
containing B only. 

The total excess free energy is 

&G E i 7b , i 7c 

~^r = v B m B In — +"cW c In — 

+55.51?/* In -^-+55.51t/ c In ^- 

Q"W\B) & 10(C) 



which reduces to 

AG E f 2 

l^ = 2k B T c yBVc(vBAB+VcAc) 



f 3 



k B k, 



vbVc \^y BBB +Y B VcBc ) 



Putting v B =v c =2, k B =k c =l, 

{=m B +m c , 

AG E 
RT~ 



m B m c \ (A B +A c )+2< (m B B B +m c B c ) 



-m,)|] 



-~(B B -B c )(m B 

and when y B =y c =0.5, A B =—2.303a B , A c = -2.303 
a c , B B = -2.303ft,, £ c =-2.303&, 

log 7B=log y° B —a B m c —t3 B m 2 c 

log 7<;=log7?— a c m B — p c m 2 B 

AG E 



m~ 



2.303JS2 7 



[(an+OcHmGSa + ft)]. 



For a mixture of sodium chloride and barium 
chloride at constant total ionic strength, we put 

v B =2, v c =3, k B = l, k c =3, A B = -3 X2.303a 5 , A c = - 
2.303a c ,B B =-9X2.30Sp B , B C =-2.3O30 C , £=I=I B 

+ I c =m B +3m c , 

log 7s=log y° B —a B I c — l3 B r 2 c 
log y c = log y° c — a c I B — P c l' 2 B 
AG E 1 , 

-J B / fl / 2ft ? J jB +0 c /*-| (2p B -p c )(I B -I c ) X 

and when I B =I C , I/2 = I B = I C} 

AG E P 



2.S03RT 8 
and when /3 B =fi c =0 



(2a B +a c )+I(2$ B +l3 c )\ 



AG E I 2 

^y=— -^ (2a*+a: c ). 

For the condition of constant total ionic con- 
centration, we put v B =2, v c =3, k B =l, k c =1.5 } 
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f=m 5 +1.5m c =m, 

A B =—2.303a B , A e =—2.S03a c , 

B B = -2.303p B , B C =-2.303I3 C 
log y B = log y° B —a B m c —l3 B m 2 c 
log y c =log t?— « c m s — j3 c w| 

.= — m B m c (a B +l.5a c ) 



2.303RT 



-m B m, 



m B l3 B +4:.5m c l3 c 



-f(^f-3/3 c )(m B -1.5m c )} 



and if m B =1.5m c , m=2rn B =3m c , &?=0, 

AG E m 2 , 1 . m 3 

___ P= -_( aa+ l. &0 -_ ft 
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